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Abstract

We review several key elements of alkyl polyglucoside (C,,G,) microemulsion phase behavior. The low solubility of
C,,G,, surfactants in oils such as alkanes makes producing C,,G,, microemulsions and subsequent study of their phase
behavior difficult. Increasing the solubility of C,,G,, in oil is therefore helpful for the systematic study of C,,G,-based
microemulsion formulations. To this end, the role of cosurfactants in producing microemulsions with water, alkanes,
and n-alkyl B-D-glucopyranosides is first discussed. Adding C,,fG; to mixtures of water—alkane—ethoxylated alcohol
surfactants (CE;) produces a region of the three-phase body (a ‘chimney’) that is independent of temperature; thus
C,,BG, are not completely soluble in the co-oil formed of alkane and CE; at higher temperatures. Then, through a
novel approach using oxygenated ether oils (C,OC,0C,), microemulsions are formed with water, C,O0C,0C,, and
C,,BG; and the phase behavior studied as a function of temperature and composition. Increased C, G, solubility in
the more hydrophilic ether oils produces patterns of phase behavior in water—C, OC,OC,—C, BG, mixtures that are
identical to those observed in water—alkane—C;E; mixtures. Using the water—ether oil-C,,fG; mixtures as a base
case, the role of C_,G, surfactant structure in setting C,G,, microemulsion phase behavior is explored. The solubility
of the o-D anomer (n-alkyl a-D-glucopyranosides, C,,aG,) in water is much less than that of the B-D surfactant, and
these solubility boundaries extend to high surfactant and oil concentrations in water—C, OC,0C, —C_ oG, mixtures.
Adding C,,G, compounds to water—C,OC,0C,—C, BG, mixtures shifts the phase behavior to high temperatures,
again demonstrating the extreme hydrophilic nature of the sugar headgroup. Finally, adding small amounts of ionic
alkyl sulfate surfactants to water—C,OC,0C,—C, BG, mixtures dramatically reduces the total amount of surfactant
needed to form a single-phase microemulsion. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alkyl polyglucosides (C,,G,, where m is the

number of carbon atoms in the alkyl chain and n
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search attention in recent years [1-6]. These sur-
factants are particularly desirable as a result of
excellent biodegradability and ease of manufac-
ture from renewable resources such as sugar and
vegetable oil feedstocks [7]. However, although
the popularity of this class of materials has in-
creased substantially, relatively little is known
about the physical and chemical characteristics of
C,.G, surfactants in solution. Increased under-
standing of the fundamental properties of C, G,
surfactants would lead to better utilization in
several industrial applications.

One potential use for C,G, surfactants is in
microemulsion formulations. Microemulsions are
thermodynamically stable, isotropic mixtures con-
taining water, oil, and surfactant (and possibly
other additives such as salt or alcohol), and are
utilized in a variety of industrial applications (e.g.
enhanced oil recovery, solvent delivery, and poly-
merization) [3,8]. Producing microemulsions with
water, alkanes, and nonionic surfactants (CE;,
which contain i number of carbon atoms in the
alkyl chain and j ethoxy units in the head group)
is a well established practice, and much time and
effort has been spent recording the patterns of
phase behavior observed in water—alkane—CE;
mixtures [9—14]. These mixtures provide an excel-
lent basis for comparison with other water—oil-
nonionic surfactant mixtures.

The omnipresent characteristic of water—
alkane—CE; phase behavior is the change in the
partitioning of the surfactant from the water-rich
to oil-rich phase with increasing temperature, re-
sulting in the well known 2-3-2 or 2—1-2 phase
sequence, depending on the total surfactant con-
centration. In this notation the bar denotes the
phase in which the surfactant is mainly dissolved.
Study of water—alkane—CE; mixtures shows that
the most important properties involved in deter-
mining the temperature range of the three-phase
body (and hence the 2—3-2 phase sequence) are
(1) the temperature associated with the critical
endpoint (cepg) of the critical line extending from
the critical point (cps at Ty) in the water—CE;
mixture; and (2) the temperature associated with
the critical endpoint (cep,) of the critical line
extending from the critical point (cp, at T,) in the
alkane—CE; binary mixture. Therefore, knowl-

edge of T, and Tj is crucial for choosing surfac-
tants and making microemulsions within a
specified temperature range. Extreme values of T,
or Ty (or both) can make producing a microemul-
sion at desired conditions impossible for a given
water—oil-nonionic surfactant mixture.

Making microemulsions with C, G, is difficult
as a result of low surfactant solubility in many
classes of oils, most notably normal alkanes.
Therefore, T, is extremely high, requiring the use
of a cosurfactant to enhance C,G, oil solubility
and produce microemulsions in water—alkane—
C..G, mixtures. Several groups [15-21] (including
some of the work described here [22]) have ex-
plored this approach and studied the phase be-
havior and properties of  water—alkane
—C,,G,—cosurfactant microemulsions. However,
although cosurfactants are quite useful in practi-
cal situations, they can mask some of the proper-
ties of the surfactant in setting the phase
behavior.

Fundamentally, it is of substantial interest to
form C,,G,-based microemulsions without the use
of a cosurfactant so the intrinsic behavior of these
surfactants may be established. We chose oxy-
genated ‘ether oils’ (C,OC,0C,, where k is the
length of the alkyl ether chains) as suitable candi-
dates for C_G, microemulsion formulation.
C..G, are soluble in C,OC,0C, at higher temper-
atures and T, is located within the experimental
window (0—80°C). As will be discussed below [23],
lowering the value of T, allows water—
C.0C,0C,—-C,,G, mixtures to produce pat-
terns of phase behavior identical to that observed
in other nonionic surfactant microemulsion
mixtures.

The establishment of novel water—C,OC,0C, -
C.BG, microemulsions allows probing of the ef-
fect of several experimental variables (i.e.
surfactant structure and ionic surfactant addi-
tives) on the phase behavior. Aside from variation
of m or n, C,,G, possess an additional structural
degree of freedom as a result of the anomeric
orientation of the sugar headgroup into the o-D
(C,,0G,) or B-D (C,BG,) form. The a-D anomer
has a more stable crystalline structure than the
B-D anomer [24-28], and this increased crystalline
stability has large ramifications on the stability of
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water—C,OC,0C,—~C,, oG, microemulsions [29].
The use of ionic surfactants as additives in water—
alkane—CE; mixtures produces increased microe-
mulsion stability and requires substantially lower
amounts of surfactant to microemulsify equal
amounts of oil and water [30]. Similarly, adding
alkyl sulfates to water—C,OC,0C,-C,,BG, mix-
tures produces large changes in the phase behav-
ior [31], and below we briefly discuss the
mechanisms responsible for these observed effects.

In this paper we review several aspects of
C..G,-based microemulsion phase behavior. First,
the phase behavior of water—octane—CyE,—
C,0BG, mixtures is explored as a function of
increasing C,,BG, concentration, demonstrating
the role of cosurfactants in forming microemul-
sions with C,,G, and alkanes. Then, through the
use of ether oils, novel water—C,OC,0C,-C,.pG,
microemulsions are formed and their phase stud-
ied as a function of temperature and surfactant
concentration. Substituting the o-D for B-D form
allows the study of the effect of the anomeric
nature of the sugar headgroup on the phase be-
havior of water-C,OC,0C,~C_,G, mixtures.
Adding C_,G, compounds to water—C,OC,0C, -
C..pG,; mixtures shows how increasing the hy-
drophilicity of the surfactant effects the
temperature range of the three-phase body and
single-phase  microemulsion region. Finally,
minute amounts of alkyl sulfate are added to
water—C,OC,0C,—C,BG, mixtures and the
changes in phase behavior recorded as a function
of temperature and composition.

2. Phase diagram determination

The methodology used to study C,,G, microe-
mulsion phase behavior follows that introduced
by Kahlweit and coworkers [13,32] for a quater-
nary mixture of water (A)—oil (B)—surfactant 1
(C)—surfactant 2 (D). In a four component mix-
ture five independent variables; pressure (P), tem-
perature (T), and three mass fractions
unambiguously define the phase space. The fol-
lowing composition variables are most suitable
for our purposes and are defined as the mass ratio
of oil to water plus water in the mixture, o:

oc=A+B><100 in wt%, (1)
the mass fraction of surfactant in the mixture, 7y:
C+D

x 100 in wt%, (2)

"TAYB+C+D

and when two surfactants are used the mass frac-
tion of surfactant D in the mixture, o:

) x 100 in wt%. 3)

~C+D
Making a two-dimensional phase diagram for a
quaternary mixture (with pressure constant at am-
bient) requires that two of the remaining variables
T, o, v, and & be held constant.

One section through the phase prism that has
shown to be especially useful when studying mi-
croemulsion phase behavior is a section contain-
ing equal masses of oil and water (o = 50) probed
as a function of temperature and surfactant con-
centration. This section allows the determination
of the least amount of surfactant necessary to
completely solubilize equal masses of oil and wa-
ter [or the efficiency, denoted by ()] and the
extent and average temperature (7)) of the three-
phase body for a given oil [33].

The procedure used to determine the phase
boundaries for sections through the phase prism
for the water—oil-C,G,—cosurfactant mixtures
closely follows that of Schubert and Strey [34].
For the sections through the phase prism as a
function of temperature the phase boundaries
were determined to within 0.05°C, while the phase
boundaries of sections at constant temperature
were determined to within 1 wt%.

3. Phase behavior results and discussion
3.1. Water-C,, G, and alkane—C, G, mixtures

Fig. 1 shows the temperature-composition
phase diagrams of binary water—C, G, mixtures
for m =10 and 12. Both surfactants have a large
miscibility gap at low surfactant concentrations.
For water—C,,BG, a Krafft boundary occurs at
22.5°C, while for water—C,,pG, it appears at
37.5°C. Solutions below the Krafft boundary are
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metastable, and the dashed lines in Fig. 1 show
the limits of this metastable region before crystal
formation in the water—C, G, mixture. The mis-
cibility gap in the water—C,,fG, mixture extends
over a larger concentration range than that in the
water—C,,BG, mixture, which is one indication
that Ty is much lower for C,,fG,. The actual
value of Ty for either C,,BG, or C,,fG, is ob-
scured by the Krafft boundary. The solid and
open squares show the reported critical micelle
concentration (cmc) for C,,fG, and C,,pG,, re-
spectively [6,35]. When m < 10, C,BG, are com-
pletely miscible with water throughout the
experimental temperature range, demonstrating
that Ty rises sharply with decreasing alkyl chain
length.

3.2. Role of cosurfactants

The use of cosurfactants is a well established
practice for either shifting existing microemulsion
phase behavior to different experimental condi-
tions or producing microemulsions in mixtures
that otherwise exhibit stable emulsions over a
large range of temperature and composition. CE;
surfactants were chosen especially as cosurfac-
tants for C,G, microemulsions because the phase
behavior of water—alkane—CE; mixtures is well

80
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Fig. 1. Binary phase diagrams for water—C,_ G, mixtures as a
function of temperature and composition for m =10 and 12.
The lightly dashed lines (----) mark the boundaries of a
metastable two-phase region present in the water—C, G,
mixture. The squares shows the critical micelle concentrations
reported by Shinoda [35] for the water—C,,G, and water—
C,,BG, mixtures. The solid, horizontal lines mark the presence
of a Krafft boundary.

understood, and therefore perturbing these mix-
tures with C,,pG, allows for the direct determina-
tion of some C,,G, properties in solution.

3.2.1. Phase behavior for water (A) —octane (B)
~CsE, (C) =C1op Gy (D)

Fig. 2 shows the temperature-composition
phase diagram for the water—octane—CyE,—
C,0BG,; mixture for 6 =10 (top), 25 (center) and
50 (bottom) at o =50. The water—octane—C¢E,
‘fish’ (8 =0) is shown for reference in each plot.
Adding C,,BG, cause the homogeneous microe-
mulsion region (‘fish tail’) to widen and slightly
increases the efficiency of the surfactant mixture
(i.e. y=33 for 6=0 and drops to ¥y=31 for
8 =10). The temperature interval of the three-
phase body increases with increasing d, and the
whole three-phase region moves up in tempera-
ture. The dominating feature of these phase dia-
grams is the emergence of a region in the
three-phase body that is almost independent of
temperature (a so-called ‘chimney’) which begins
at v* (shown by the dashed line in Fig. 2 (top)) as
v is decreased in the presence of C,,BG;. The
concentration range of the ‘chimney’ region is a
function of 8. For example, at & = 10, the ‘chim-
ney’ region emerges at y*=7 and extends to
v =2, while at § =50 the ‘chimney’ region begins
at y* =25 and still extends to y =3, making the
entire ‘fish body’ almost independent of tempera-
ture. At very low o (86 =1) the ‘chimney’ is ex-
tremely narrow and very difficult to observe
experimentally.

3.2.2. Section through phase tetrahedron at
o = 50, varying vy and o

Fig. 3 (top) shows a schematic of a section
through the water—octane—C4E,—C,,BG; phase
tetrahedron at o =50 as a function of 6 and 7.
Experimental data [Fig. 3 (bottom)] is shown for
this mixture at 25 and 60°C. At 25°C, C(E, is
mainly dissolved in the oil (2), so the two-phase
region at low § is also 2. As & is increased, the
three-phase body is traversed. At higher values of
O there is another two-phase region, 2, because
C,0BG, is mainly dissolved in the water (2) at
25°C. At high values of 9, stable emulsions form.
The three-phase body starts at very low values of
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Fig. 2. Vertical sections through the pseudoternary phase
prism for water—octane—C¢E,—C,,fG, with varying C,,BG,
concentration (3) at equal mass fractions of water and octane
(o= 50) for & =10 (top), & =25 (center), and 6 = 50 (bottom).

O (0<1) and at low values of y 2 <y <5). As y
increases, the amount of C,,G, needed to pro-
mote the three-phase region also increases. The
three-phase body extends to a maximum & (&=
48) at y=12. The minimum amount of total
surfactant necessary to form a one-phase microe-
mulsion is y = 28.6.

At 60°C, C(E, remains dissolved in the oil and
the same 2—3-2 phase sequence is observed with
increasing 8. However, the three-phase body shifts
to higher 3, indicating an increased presence of
C,0BG,; in the microemulsion. The three-phase
body extends to a maximum & (8 = 68) at y=13.
At low values of & and vy, the data for 25 and
60°C overlap, showing that the phase behavior in
this region is essentially independent of tempera-
ture. Also, the minimum amount of surfactant
needed to form the one-phase microemulsion re-
mains constant at y = 28.6, regardless of the in-
creasing fraction of C,,BG;.

The low vy and & region of the diagram is of
particular interest because the ‘chimney’ origi-
nates there. The three-phase body is present at
very low o (8 < 1), showing that a small amount
of C,,BG;, in the mixture has substantial effects on

oil / water 2
a=50

Ci0BGy

50

Fig. 3. A plane constructed in the constant temperature phase
tetrahedron at o =50, with varying y and & with schematic
(top) and experimental data for water—octane—C¢E,—C,,BG,
mixture at 25 and 60°C.
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the phase behavior. Furthermore, the phase be-
havior in this region is essentially independent of
temperature at a fixed o, as supported by these
results and observations shown in Fig. 1.

3.2.3. Cosurfactant discussion

The most pronounced feature of water—oc-
tane—C,E;—C,,BG, phase behavior is the forma-
tion of a temperature-independent region
(‘chimney’) of the three-phase body at low surfac-
tant concentration. The ‘chimney’ is observed re-
gardless of the CE; or C,BG, examined. With
increasing C;E; amphiphilicity (increasing i and j )
the ‘chimney’ narrows, as does the entire three-
phase region. Increasing C,,pG, alkyl chain length
(and therefore the hydrophobicity) causes the
‘chimney’ to shrink. Furthermore, observation of
water—octane—C¢E,—C,,BG; samples at a fixed y
as a function of o and temperature shows that a
large portion of the phase space contains a three-
phase region that has nearly temperature-indepen-
dent phase boundaries [22]. All of these phase
behavior results illustrate that adding C, BG,; to
water—alkane—C,E; mixtures interrupts the nor-
mal 2—-3-2 phase sequence always observed with
increasing temperature. It is this failure to reach 2
in the ‘chimney’ that demonstrates the difficulty
of forming microemulsions with C,,pG, and pro-
vides the unique feature of this phase behavior.

The characteristics of the binary water—C, G,
and alkane—C_,BG, mixtures are large factors in
determining C.,pG, microemulsion phase behav-
ior. In water—C_BG, mixtures for m =10, T is
located below 0°C, while for m =8, Ty rises to
more than 80°C [18]. For octane—C, BG, mix-
tures, regardless of the value of m, C,BG, are
essentially insoluble in octane and T, is above
80°C [18]. Although the value of Tj; changes
substantially with changes in m, the phase behav-
ior of the water—octane—C4E,—C_ G, mixtures
remains qualitatively similar as m is varied; there-
fore the value of Ty plays a minor role in setting
the phase behavior of these mixtures. Conversely,
C..pG; remain insoluble in octane regardless of
the value of m and T, is universally high. This
property, coupled with the similarities in the qua-
ternary phase behavior for water—octane—CE;—-
C..pG; mixtures for various m values, show that

T, and C_BG, oil solubility are the dominating
influences on the phase behavior.

The complex phase behavior resulting from the
addition of C,BG, to water—octane—CE; mix-
tures is best understood when compared to the
known phase behavior of quaternary mixtures of
water, octane and two CE; surfactants (CE; and
CiE¥) [36,37]. Here the * merely denotes a differ-
ent CE;. Although there are similarities between
the phase behavior of water—octane—C,E;—CE}*
mixtures and water—octane—-CE;—C,BG, mix-
tures, the underlying phase behavior mechanisms
are different. For a typical water—octane—CE;—
CEf mixture (e.g. water—octane—C4E,—C,E;q
[22,36,37]), both surfactants are miscible in oc-
tane, T, is low, and the phase behavior depends
largely on the value of Ty for each of the water—
surfactant pairs. Furthermore, T, and Ty can not
be independently adjusted, because increasing i or
j will simultaneously decrease or increase the val-
ues of Ty and T,. At high temperatures the upper
critical tie-line is passed and both surfactants
partition into the oil, producing a 2 region. For
quaternary water—octane—C,E;—C,G, mixtures,
the large changes in the value of Ty with changes
in m have very little effect on the phase behavior.
Also, C,BG, are essentially insoluble in octane
and T, is located at high temperatures. Therefore,
the phase behavior is dominated by the location
of T, and C,BG, oil solubility. The CE; act to
increase the hydrophilicity of the octane, ulti-
mately forming an octane—CE; ‘co-oil’ in which
the C,,pG, is more soluble than it is in alkane.
However, although C_BG, oil solubility is en-
hanced by the CE;, this enhancement is not very
large (even at high temperatures) when octane in
the major component of the ‘co-oil’ [22] and T,
remains high. The high value of T, does not allow
the upper critical tie-line to be passed within the
experimental window. As a result, CBG, never
completely partition into the ‘co-oil’, and a ‘chim-
ney’ is produced in the three-phase region.

Several authors have examined the role of co-
surfactants in water—alkane—C, G, microemul-
sions in terms of the phase diagram represented in
Fig. 3. Kahlweit et al. showed that alkanols [18]
as well as alkanediols [17,19] can be used to

enforce the 2-3-2 phase sequence in water—
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Fig. 4. Binary phase diagram for the C;OC,0C;—-CyBG, mix-
ture as a function of temperature and composition.

alkane—C,,G,, mixtures. However, in both cases
commercial blends of C_,G, were used and conse-
quently the phase behavior did not shift substan-
tially with increasing temperature. Others have
similarly explored the phase behavior of commer-
cial C,G, blends in combination with other
classes of cosurfactants [2,15,16]. The results are
essentially identical, differing only in the amount
of cosurfactant need to traverse the three-phase
body. Stubenrauch et al. [20] closely analyzed the
water—decane—C,,G; (anomeric mixture)—de-
canol mixture with respect to phase volumes and
densities as a function of increasing J, tracing the
progression through the 2—3-2 phase sequence.
Their results indicate a change in the composition
of the microemulsion phase with increasing 9,
demonstrated by the abrupt change in density
when crossing the three-phase region.

The phase behavior observations from the wa-
ter—octane—C(E,—C,,fG, mixture show that
C¢E, preferentially partitions into octane with
increasing temperature. This selective partitioning
steadily enriches the microemulsion film with
C,0BG,. The degree of enrichment can be deter-
mined quantitatively using a mass balance ap-
proach involving the weight fractions of C4E, and
Ci0BG; (C, and C,, respectively) in the microe-
mulsion film. This analysis was first performed by
Kunieda et al. [36,37] and has also been applied
by Penders and Strey [38] to a water—octane—
CiE;—octanol mixture and by Stuberauch et al.
[21] to a water—cyclohexane—CgyfG,—geraniol
mixture. Neither of these groups examined the

effect of changing temperature on the composi-
tion of the interfacial film. If the data shown in
Fig. 3 are analyzed following these procedures, at
25°C the microemulsion film is 27% C,,BG,;. At
60°C the surfactant film increases to 58% C,,BG;.
These results clearly reinforce the phase behavior
observations discussed above and reiterate the
inability of C,,fG, to partition into the oil at high
temperature.

3.3. Role of ether oils

From the results shown above and those de-
scribed in the literature, it is apparent that the
value of T, is extremely high in alkane-C_, G,
mixtures, and producing microemulsions in wa-
ter—alkane—C,_, G, mixtures without the use of a
cosurfactant is nearly impossible. If, however, T,
could be shifted to lower temperatures as a result
of employing a class of oils with decreased hydro-
phobicity, then a cosurfactant would not neces-
sary and the phase behavior of water—oil-C, BG,
microemulsions could be systematically studied
and the patterns compared to those observed in
the well-known water—alkane—CE; mixtures. Al-
kyl ethylene glycol ethers (C,OC,0C,) are exam-
ples of such hydrophilic oils (here k is the number
of carbons in the alkyl portions of the molecule).
Wormuth and Kaler [39] studied the role of
C,0C,0C, in water-C,OC,0C—-CE; microe-
mulsions, demonstrating that the increased oil
hydrophilicity (relative to alkanes) can eventually
move these mixtures past a tricritical point (TCP).
It this hydrophilic nature of C,OC,OC,-type oils
that proves beneficial to forming C, PG,
microemulsions.

3.3.1. CofG,—C5;0C,0C;

Fig. 4 shows a partial phase diagram for the
binary C,OC,0C,—C,BG, mixture as a function
of temperature and surfactant concentration.
CoBG, is completely miscible with C;0C,0C,
above 50°C, but below the phase boundary a
liquid phase is in equilibrium with a crystalline
phase. The phase boundary decreases slightly in
temperature as surfactant concentration de-
creases. Fig. 4 demonstrates that C, G, are con-
siderably more soluble in C,OC,OC, than they
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Fig. 5. Vertical sections through the phase prism for mixtures
of water—C,OC,0C,—C¢BG, as a function of temperature
and surfactant concentration (y) for k=2, 2.1, 2.25, and 2.5.
Equal amounts of oil and water are present (o = 50).

—®T/°C

— T/°C

Fig. 6. Vertical sections through the phase prism for mixtures
of water—C,OC,0C,-C,,BG, as a function of temperature
and surfactant concentration (y) for k=2, 3, and 3.5. Equal
amounts of oil and water are present (o = 50).

are in alkanes. The solubility of other C_BG,
surfactants in C,OC,OC, oils can be inferred
from the upper phase boundary of the three-phase
region in water—C,OC,0C,-C_ BG, mixtures,
making further C,OC,0C,—~C,BG, phase behav-
ior measurements unnecessary.

3.3.2. Water—C,,0C,0C,—CyfG,

Fig. 5 shows phase diagrams for mixtures of
water—C,OC,0C,—C4BG, as a function of tem-
perature, vy, and increasing alkyl chain carbon
number (k) for o« =50. When k=2, no three-
phase region exists and the mixture is past the
tricritical point. As k increases from 2.0 to 2.1, a
narrow three-phase body forms. As k further
increases to 2.25, the three-phase body widens and
moves to higher temperatures. Changing k& from
2.1 to 2.5 causes the three-phase body to rise
approximately 30°C, and higher values of £ move
the phase behavior out of the experimental win-
dow. The efficiency of the surfactant decreases as
k increases.

3.3.3. Water—C,0C,0C,—C,,fG,

Fig. 6 (top) shows a phase diagram for a wa-
ter—C,OC,0C,-C,,BG, as a function of tempera-
ture, v, and k for o = 50. Again, when k =2, the
tricritical point has been passed and only a single-
phase region is observed. When C,BG; is used, a
large three-phase body covers the experimental
window from ~ 11 to 50°C and the efficiency is
¥ =22, making C,,fG, more efficient than C,BG;
for this oil [23]. Below 11°C the mixture is either
frozen or contains a precipitate.

Increasing k to 3.5 moves the phase behavior to
higher temperatures [Fig. 6 (bottom)]. The three-
phase body widens and extends over almost the
entire experimental window. The efficiency re-
mains identical to that observed when k=3.0
(y=22). At low surfactant concentration the
three-phase region plummets to low temperatures.
As is the case when k= 3.0, below ~ 11°C the
mixture either contains a precipitate or is com-
pletely frozen.

3.3.4. Ether oil discussion

By substituting ether oils for alkanes, C,pG,
oil solubility increases and T, moves to lower
temperatures (Fig. 4). Consequently, water—



L.D. Ryan, E.W. Kaler / Colloids and Surfaces A: Physicochem. Eng. Aspects 176 (2001) 69-83 77

C,.0C,0C, -C,.BG, mixtures are able to produce
microemulsions without cosurfactant additives
and to undergo the usual 2—3-2 phase sequence
with increasing temperature (Figs. 5 and 6), iden-
tical to the behavior observed in water—alkane—
C.E; mixtures.

As is the case in water—alkane—CE; mixtures
[9], the temperature range of the 2—3-2 phase
transition changes with changes in the surfactant
structure. While increasing i by 1 (while keeping j
and alkane constant) in water—alkane—CE; mix-
tures moves the phase behavior down only slightly
(~10°C) [9,10], an increase of m by 1 in water—
COC,0C,—C,.BG, mixtures shifts the phase be-
havior down 30°C (e.g. changing from C,fG; to
C,oBG, in a water—C,0C,0C;-C,_BG, mixture)
[23]. From these results it appears that changes in
C..BG; structure have a larger influence on the
phase behavior of water—C,OC,0C,-C,.BG,
mixtures than does a change in CiE; architecture
in water—alkane—CE; mixtures. This observation
is supported by a similar disparity in the depen-
dence of the value of Ty on changes in C,,fG, and
CE; surfactant structure (i.e. in water—C,pG,
mixtures, increasing m by 1 moves Ty down ~
80°C [18], while for water—C,E; mixtures increas-
ing i by 1 shifts Ty down ~ 10°C [40]).

The role of C,BG, structure in changing mi-
croemulsion efficiency is not as pronounced as the
effects on temperature, but again fits within the
framework established for water—alkane—CE;
mixtures. C,.pG, efficiency increases for a spe-
cified value of k as m increases, indicating in-
creased surfactant amphiphilicity [23]. In
water—alkane—CE; mixtures the efficiency in-
creases with increasing amphiphilicity, but usually
with the penalty of encroaching liquid crystalline
regions, especially with very strong amphiphiles
(e.g. CzEs) [9]. For C,.BG, liquid crystalline re-
gions are only observed when m =12 (and pre-
sumably for higher values of m), calling into
question the relative ‘strength’ of water—
C.OC,0C,-C,.BG, microemulsions. Small angle
neutron scattering experiments show that C, pG;-
based microemulsions are well structured for m >
9 [41], although no liquid crystalline phases are
observed within the concentration range studied
in the single-phase region. Therefore, although the

changes in efficiency with increasing m in water—
C.O0C,0C,-C,.BG, mixtures are not as pro-
nounced as they are for increasing CE;
amphiphilicity in water—alkane—CE; mixtures,
the general trend towards more strongly struc-
tured microemulsions is observed.

The temperature range associated with the 2—
3-2 phase transition in water—oil-nonionic sur-
factant mixtures also depends on the properties of
the oil. For example, for a typical series of water—
alkane—CE; mixtures, decreasing the alkane car-
bon number by 2 (e.g. changing from decane to
octane) shifts the three-phase region to lower
temperature (by ~ 10°C), decreases the tempera-
ture interval of the three-phase region, and in-
creases the surfactant efficiency [10]. These same
trends are observed in mixtures containing water,
COC,0C,, and CE; (e.g. for C;,Es changing k
from 3.0 to 2.5 shifts the three-phase region down
5°C) [39]. For water-C,OC,0C,-C_pG, mix-
tures there are much larger changes in the phase
behavior with changing k. For example, in water—
C.OC,0C, —C4BG,; mixtures (Fig. 5), the three-
phase body is very small when k = 2.1 (because of
the lurking tricritical point [23]) but enlarges sub-
stantially and moves up 60°C as k increases from
2.1 to 2.5. Changes of the same magnitude are
observed for similar adjustments in the value of k
for mixtures containing CyofG; [23] or C,,BG,
(Fig. 6). The efficiency of the C,BG, decreases
when k increases, identical to the effects observed
in water—oil-CE; mixtures. Therefore, although
the qualitative changes in the phase behavior of
water—C,OC,0C, —C,,pG; mixtures with changes
in oil properties are similar to those reported for
water—oil-CE; mixtures, the quantitative effects
are much larger.

3.4. Surfactant structure effects

Establishing the phase behavior patterns of wa-
ter—C,OC,0C,-C,.BG, mixtures allows for ex-
ploration of the effects of other facets of C,G,
structure on the properties of C,G, microemul-
sions. Two such structural deviations are: (1) the
anomeric forms of the sugar headgroup (a-D vs
B-D); and (2) additional sugar units in the hy-
drophilic headgroup (i.e. maltopyranosides,
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Fig. 8. Vertical section through the phase prism for mixtures
of water—C;0C,0C;-C,,2G, and water—C;0C,0C;-C,,BG,
as a function of temperature and surfactant concentration (y).
Equal amounts of oil and water are present (o = 50).

C..G,). These compounds (along with C_BG,)
make up the major portion of commercial blends
of C,G, surfactants, therefore knowledge of
phase behavior properties of the individual com-
ponents leads to better understanding of the blend
properties.

3.4.1. Water—C,,0G,

Fig. 7 shows the temperature-composition
phase diagrams of binary water—C_,0G, mixtures
for m =10 and 12. When m = 10, a narrow misci-
bility gap extends between 1 <y <9 and from 45

to 80°C. Also, there is a Krafft boundary at
44.65°C which extends over the measured concen-
tration range. Interestingly, the upper miscibility
gap closes (at a lower critical point) just before
contacting the Krafft boundary in the water—
C,02G, mixture. For m =12, the miscibility gap
collides with Krafft boundary at 55.65°C. When
m <10 (not shown), the C,0G, are completely
miscible with water but also exhibit Krafft
boundaries at 39.5°C for CqaG, and at 43.5°C for
CoaG,.

3.4.2. Water—C;0C,0C5-C,,G,

Fig. 8 shows the temperature-composition
phase diagram at oo =50 for water—C;0C,0C;—
C,0G, mixtures containing either C,,fG, or
C,0%G,. As shown in Fig. 6, for C,,fG; a large
three-phase body covers the experimental window
from ~ 11 to 50°C and the efficiency is ¥ =22,
while below 11°C the mixture is either frozen or
contains a precipitate. Changing from C,,fG, to
C,02G, causes the boundary of the precipitate/
frozen region to rise up to 34°C, leaving only a
small portion of the three-phase body observable
(between 34 and 51°C). However, the upper
boundary of the three-phase region lies just above
that of the three-phase body in the water—
C;0C,0C5-C,,pG, mixture, and the o-D anomer
is slightly less efficient (higher ¥) than the B-D
anomer.

3.4.3. Water—C;0C,0C5—C,,fG,—C,,G>

Fig. 9 shows the temperature-composition
phase diagram (at o = 50) for water—C;0C,0C;—
C,0BG,-C,,G, mixtures as a function of . When
two surfactants (C and D) are used, vy is defined as
(C+D)/(A+B+C+D) (Eq. (2)) and therefore
represents the total amount of surfactant. Adding
a small amount of C,,G, to the mixture so & =10
[Fig. 9 (top)] increases the temperature interval of
the three-phase body dramatically and causes the
Krafft boundary to disappear, but the efficiency
remains unchanged from the =0 case. The
three-phase region extends from below 0°C to
above 80°C at low values of y. Increasing o to 25
[Fig. 9 (bottom)] shifts the phase behavior up in
temperature and moves the upper phase boundary
above the experimental window. Again, the effi-
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ciency of the surfactant mixture does not change
substantially. Higher values of & move the entire
three-phase body out of the temperature window.

3.4.4. Surfactant structure discussion

Although typically rare in water—nonionic sur-
factant mixtures, Krafft boundaries are observed
in several mixtures of water and C, G, for both
o-D and B-D forms [42]. The Krafft boundary
temperature increases with increasing m regardless
of the anomeric form of C,G,, similar to the
trend observed in other water—surfactant mix-
tures with increasing alkyl chain length of the
surfactant [43]. However, the additional degree of
freedom provided by the anomeric nature of
C..G, surfactants allows for a unique comparison
between the o-D and B-D forms in aqueous solu-
tions. The most striking difference between wa-
ter—C,,0G, and water—C_BG, mixtures is the
ubiquitous presence of Krafft boundaries in wa-
ter—C,,0G, mixtures regardless of the value of m,
while for water—C_ BG, mixtures m must be

0 10 20 30

— v/ Wt%

Fig. 9. Vertical sections through the phase prism for of water—
C;0C,0C;5-C,,BG,-C,,G, mixtures as a function of temper-
ature and surfactant concentration (y) for 6 =0 (shown on
each panel), 10 (top), and 25 (bottom). Equal amounts of oil
and water are present (o = 50). Dashed line shows solubility
limit in water—C;0C,0C;-C,,fG, mixture.

greater than 9 for a Krafft boundary to be ob-
served above 0°C.

The discrepancy between the Krafft boundary
behavior in water—C, oG, mixtures and water—
C,.BG, mixtures has been explained in terms of
increased crystalline stability of the o-D form. For
CsG, compounds [1,24,25,27] the a-D anomer is
known to exhibit strong intermolecular hydrogen
bonding in both anhydrous [28] and hydrated
CzaG, crystals [26] (the B-D crystal structure has
not been determined). Furthermore, the enthalpy
and entropy changes upon melting for CqaG, are
both more than twice those of C¢BG,, as mea-
sured by differential scanning calorimetry [27],
and at the main solid transition ( ~ 70°C) C¢BG,
loses birefringence while CgaG, does not. This
experimental evidence supports the conclusion
that the increased crystalline stability is most
likely as a result of increased hydrogen bonding
strength of the a-D form, and this stability moves
the Krafft boundary of water—C,aG, to higher
temperatures than those of the B-D counterparts.

The extension of the Krafft boundary into the
Gibbs phase prism at high concentrations of both
oil and surfactant further demonstrates the stabil-
ity of the a-D crystalline form. It is noteworthy
that the presence of the solubility boundary does
not disrupt the approach to the tricritical point in
water—C,OC,0C, —CgaG; mixtures [29]. This
Krafft boundary phenomenon is not usually ob-
served in C,,G, microemulsions phase behavior,
most likely as a result of the use of commercial
C,,G, blends. For commercial blends of C, G,
surfactants, the Krafft boundary is typically low
(<25°C) [2,5,44—-46] as a result of the complex
mixture of components, and any corresponding
microemulsion behavior is usually studied at or
above room temperature ( > 25°C) and so is well
above any incipient solubility limit in the Gibbs
prism.

The hydrophilicity of C_,BG, compounds in-
creases dramatically with the addition of another
sugar unit to the head group (C,,G, compounds).
For example, for water—C,,G, Ty <0, while
C,0G, is completely miscible with water, indicat-
ing Ty rises by more than 80°C when n changes
from 1 to 2 [18]. By comparison, shifting T up by
80°C in water—C;E; mixtures requires an increase
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Fig. 10. Temperature-composition phase diagram for water—
C,oBG,-SDeS mixtures with =0, 0.1, and 0.125.
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Fig. 11. Vertical sections through the phase prism for mixtures
of water—C;0C,0C;-C,,BG,-SDeS at o=50 for =0, 1,
and 2. Below ~ 11°C the mixtures are either frozen or contain
precipitate for all values of 9.

in j of at least 6 [44]. Since the value of Ty changes
so drastically with a change from C,,G; to
C,0G,, it is not surprising that adding C,,G, to
water—C,OC,0C,—~C,,pG; mixtures also pro-
duces large changes in the phase behavior. As
shown in Fig. 9, even small amounts of C,,G,
[6 =10 (top) and 25 (bottom)] added to water—
C;0C,0C5-C,,pG; mixture shift the phase be-
havior to much higher temperatures, again

reflecting the inherent oil insolubility of the sugar
headgroup that led to the ‘chimney’ observed in
water—octane—C,E;—~C,,BG, mixtures. Therefore,
systematically producing microemulsions within
the experimental temperature range in water—oil—
C..G, mixtures requires either a cosurfactant or
oils that are even more hydrophilic than the
C,OC,0C, compounds.

3.5. Ionic surfactant effects

The amount of surfactant necessary to form
microemulsions in water—C, OC,0C,-C, G, mix-
tures is quite high (~ 20 wt%) and is of concern
in practical applications. However, Kahlweit et al.
[30] has shown that adding alkyl sulfates to wa-
ter—alkane—CE; mixtures can drastically lower 7.
In the next section we apply this approach to
water—C,0OC,0C,-C,BG, microemulsions, but
first consider the role of minute amounts of
sodium decyl sulfate (SDeS) on the phase behav-
ior of the water—C,,BG,; binary mixture.

3.5.1. Water—C,,G,—sodium decyl sulfate
(SDeS)

Fig. 10 shows the temperature-composition
phase diagrams for water—C,,fG,;—SDeS mix-
tures for 6=0, 0.1, and 0.125. When 6 =0, the
miscibility gap extends between 0.01 <y < 13, and
collides with the Krafft boundary at ~ 22.5°C,
thereby obscuring the location of the lower criti-
cal point (Tp). Increasing 6 to 0.1 (molar ratio of
0.0012) shifts T above the Krafft boundary and
the entire miscibility gap shrinks. When & =0.125
(molar ratio of 0.0015), the miscibility gap contin-
ues to shrink in both temperature and composi-
tion range. A further increase in & to 0.15 causes
the miscibility gap to become vanishingly small
(not shown), and when 6 = 0.2 it disappears alto-
gether and the mixture forms a single isotropic
phase over the measured concentration and tem-
perature range.

3.5.2. Water—C;0C,0C;—C,,fG;—SDeS

Fig. 11 shows temperature-composition phase
diagrams at o=50 for water—C;0C,0C;-
C0BG,—SDeS mixtures with §=0, 1, and 2.
When 6=0, y=21 and the three-phase region
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extends to very low temperatures (~ 10°C). In-
creasing & to 1 dramatically increases the effi-
ciency (¥ =16) and shifts the three-phase region
to higher temperatures. Also, the three-phase
body distorts and tilts to higher temperatures as
v decreases. Further increasing 6 to 2 again
vastly improves the efficiency (¥ =5.5), and the
three-phase body disappears completely. Further
increases in & (not shown) move the single-phase
region above the experimental window and
slightly decrease the efficiency of the surfactant
mixture. Below ~ 11°C the solution is either
frozen or contains a precipitate for all values of
d.

3.5.3. Ionic surfactant discussion

It is remarkable that tiny amounts of SDeS
added to water—C,,fG; mixtures produce such
large changes in the phase behavior. For in-
stance, even at a molar ratio of 0.0012 (6 =0.1),
adding SDeS to the water—C, G, binary mix-
ture causes the miscibility gap to rise in temper-
ature and pull away from the Krafft boundary
(Fig. 10). A further increase in molar ratio to
0.0025 (8 =2) causes the miscibility gap to van-
ish completely. This pattern of phase behavior is
qualitatively similar to that observed for several
water—CE;—ionic surfactant mixtures [47-50],
but smaller amounts of SDeS are needed to pro-
duce larger changes in the phase behavior of the
water—C,,BG, mixture. This phenomenon has
been further confirmed for mixtures of water—
alkyl sulfates and commercial C,,G, blends [44].

Adding ionic surfactants to water—CE; mix-
tures is known to shift Ty to higher temperature
and shrink the upper miscibility gap as a result
of the electrostatic intermicellar repulsion caused
by the partitioning of the ionic surfactant into
the nonionic micelle [44,47—-49,51-53]. The in-
tensity of the electrostatic repulsion has been
tracked experimentally for several water—CE;—
ionic surfactant mixtures [51,53,54]. Balzer [44]
determined that C,G, micelles show a greater
affinity for incorporation of alkyl sulfates than
do CE; micelles and therefore exhibit a stronger
electrostatic repulsion for smaller ionic surfac-
tant concentration. These conclusions are further
supported by the disappearance of the upper

miscibility gap in water—C,,fG,—SDeS mixtures
(Fig. 10) with increasing SDeS concentration.

Experimentally, the major effects caused by
the addition of alkyl sulfates to water—
C.0C,0C,-C,BG, mixtures are increased effi-
ciency of the surfactant mixture, shifting of the
phase behavior to higher temperatures, and the
shrinkage and eventual disappearance of the
three-phase region with increasing ionic surfac-
tant concentration [31]. These phase behavior
trends are similar to those observed in water—
alkane—CE;—alkyl sulfate mixtures [30]. The
patterns of phase behavior in water—alkane—
C.E;—alkyl sulfate mixtures result from a combi-
nation of electrostatic stabilization of oil-swollen
micelles along the water-rich portion of the
phase prism [55,56] and coinciding minor role of
the ionic surfactant along the oil-rich side of the
phase prism. These unequal effects distort and
skew the three-phase region to higher tempera-
tures. This explanation for the patterns of phase
behavior observed in water—alkane—C,E;—alkyl
sulfate mixtures can be directly applied to wa-
ter—C,OC,0C,—C,,BG;-SDeS mixtures and is
supported by the data in Fig. 11.

The increased surfactant efficiency observed in
water—C,OC,0C,—-C, BG,—alkyl sulfate mix-
tures can be explained by the electrostatic inter-
actions introduced with the addition of ionic
surfactant to the surfactant monolayer. In mi-
croemulsions, the surfactant monolayers are
known to be ‘floppy’ and undergo sterically sta-
bilizing undulations [57-59], which leads to a
rather inefficient use of interfacial areca. Adding
ionic surfactant suppresses these undulations
thereby producing a more rigid monolayer
[60,61]. Increasing the rigidity of the surfactant
monolayer has two main effects: (1) the interfa-
cial area lost to undulations is regained; and (2)
the monolayer spacing increases as a result of
electrostatic interactions between monolayers.
The combination of these two effects leads to a
more efficient use of the interfacial area and
consequently leads to more efficient microemul-
sions. Therefore, it is perhaps not surprising
that adding alkyl sulfates to water—C,OC,0C, -
C,0,BG, mixtures enhances surfactant efficiency.
The earliest report of this phenomena is as a
result of Shinoda and Kunieda [62].
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4. Conclusions

This review of alkyl polyglucoside microemul-
sion phase behavior summarizes several important
aspects of producing microemulsions with C_ G,
surfactants. Unusually low solubility in alkanes
necessitates the use of a cosurfactant to produce
microemulsions with water, alkane, and C,G,.
However, even with a cosurfactant such as CE;,
the 2—3-2 phase sequence is not fully observed in
water—octane—CE;—C,,BG, mixtures; instead a
temperature-independent ‘chimney’ is observed at
low surfactant concentrations. Changing to more
hydrophilic C,OC,0C, oils increases C,G, oil
solubility (lowers T,) and water—C,OC,0C,—
C..pG, mixtures exhibit patterns of phase behav-
ior identical to those observed in water—alkane
—CE,; mixtures. Changing from the B-D to the
more stable o-D anomeric form causes the solubil-
ity boundary to move to much higher temperature
in water—C,G, and water—C,0OC,0C,-C, G,
mixtures. Increasing C,G, hydrophilicity by
adding a sugar unit to the headgroup (C,G,)
shifts the phase behavior to much higher tempera-
tures, again reflecting the low oil solubility of the
sugar moiety. Finally, the efficiency of water—
C.OC,0C,-C,.BG, microemulsions increases
dramatically with the addition of small amounts
of ionic surfactant additive as a result of electro-
static stabilization of the microemulsion surfac-
tant monolayers.
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